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(54) Gas sensor 

(57) Disclosed is a gas sensor comprising a first in- 
ternal space (20) for making communication with the ex- 
ternal space via a first diffusion rate-determining section 
(14), a first electrochemical pumping cell (30) for con- 
trolling the oxygen concentration in the atmosphere in 
the first internal space (20) to have a predetermined val- 
ue, a second internal space (22) for making communi- 
cation with the first internal space (20) via a second dif- 
fusion rate-determining section (16), a second electro- 
chemical pumping cell (44) for finely adjusting the oxy- 
gen concentration in the atmosphere in the second in- 
ternal space (22) to have a predetermined value., a third 
internal space (24) for making communication with the 
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second internal space (22) via a third diffusion rate-de- 
termining section, a third electrochemical pumping cell 
(58) for pumping out oxygen produced by reduction or 
decomposition of a component having bound oxygen in 
the measurement gas in the third internal space (24), 
and an ammeter Ip for detecting a pumping current 
which is allowed to flow in accordance with the pumping 
operation effected by the third electrochemical pumping 
cell (58). Accordingly, it is possible to avoid interference 
exerted on the sensitivity for NO by the change in oxy- 
gen concentration in exhaust gas, and improve the 
measurement accuracy for the measurement gas com- 
ponent. 
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Description 

BACKGROUND OF THE INVENTION 

Field of the Invention: 

The present invention relates to a gas sensor for 
measuring oxides such as NO, N0 2 , S0 2 , C0 2 , and 
H 2 0, and inflammable gases such as CO and CnHm 
contained, for example, in atmospheric air and exhaust 
gas discharged from vehicles or automobiles. 

Description of the Related Art: 

Various measuring systems and apparatuses have 
been hitherto suggested in order to know the concen- 
tration of a desired gas component contained in a meas- 
urement gas. 

Those known as methods for measuring NOx in a 
measurement gas such as combustion gas include, for 
example, a technique based on the use of the NOx-re- 
ducing ability of Rh, in which a sensor comprising a Pt 
electrode and an Rh electrode formed on an oxygen ion- 
conductive solid electrolyte such as zirconia is used to 
measure an electromotive force generated between the 
both electrodes. 

The sensor as described above involves problems 
in that the electromotive force is greatly changed de- 
pending on the change in concentration of oxygen con- 
tained in the combustion gas as the measurement gas, 
as well as in that the change in electromotive force is 
small with respect to the change in concentration of 
NOx, and hence the sensor tends to be affected by 
noise. 

On the other hand, in order to induce the NOx -re- 
ducing ability, it is indispensable to use a reducing gas 
such as CO. In general, under a fuel-lean combustion 
condition in which a large amount of NOx is produced, 
the amount of produced CO is smaller than the amount 
of produced NOx. Therefore, the conventional gas sen- 
sor has a drawback that it cannot perform measurement 
for a combustion gas formed under the combustion con- 
dition as described above. 

Japanese Laid-Open Patent Publication Nos. 
63-38154 and 64-39545 disclose a system in which a 
set of electrochemical pumping cell and sensor cell 
comprising Pt electrodes and an oxygen ion -conductive 
solid electrolyte and another set of electrochemical 
pumping cell and sensor cell comprising Rh electrodes 
and an oxygen ion-conductive solid electrolyte are com- 
bined to measure NOx on the basis of the difference be- 
tween pumping current values of the respective ones. 

Japanese Laid-Open Patent Publication Nos. 
1-277751 and 2-1543 suggest a method in which two 
sets, i.e., two pairs of electrochemical pumping cells and 
sensor cells are prepared. A sensor, which comprises 
one set of the pumping cell and the sensor cell, is used 
to measure a limiting pumping current at a partial pres- 



sure of oxygen at which NOx is not reduced. A sensor, 
which comprises the other set of the pumping cell and 
the sensor cell, is used to measure a limiting pumping 
current at a partial pressure of oxygen at which NOx is 

5 reduced. The difference between the measured limiting 
currents is measured. Alternatively, a method is sug- 
gested in which the difference in limiting current is meas- 
ured by using a sensor comprising a set of pumping cell 
and sensor cell, while switching the partial pressure of 

10 oxygen in a measurement gas between a partial pres- 
sure of oxygen at which NOx is reduced and a partial 
pressure of oxygen at which NOx is not reduced. 

However, in the foregoing systems for measuring 
NOx, the greater part of the value of the limiting current 

is is occupied by a current brought about by oxygen which 
is contained in a large amount, and a current based on 
the objective NOx is extremely small in ordinary cases. 
As a result, a small current value corresponding to NOx 
is determined from a difference between the two large 

20 current values. Therefore, in the case of the measuring 
system based on the switching while using one set of 
sensor, continuous measurement is unsuccessful in 
some cases. Further, for example, such a system in- 
volves problems in that the response is slow, and the 

25 accuracy is inferior. 

In the case of the system in which the two sets of 
sensors are used, an error tends to occur in the meas- 
ured value when the oxygen concentration in the meas- 
urement gas greatly changes. Such a system cannot be 

30 used in some cases, for example, for automobiles in 
which the oxygen concentration in the measurement 
gas greatly changes. This inconvenience results from 
the fact that the dependency on oxygen concentration 
of the pumping current of one sensor is mutually differ- 

35 ent from the dependency on oxygen concentration of the 
pumping current of the other sensor. 

For example, in the case of an automobile, the ox- 
ygen concentration in exhaust gas is several % under a 
driving condition of an air-fuel ratio of 20, while the NOx 

40 concentration is several hundreds ppm. Therefore, NOx 
has a concentration of about 1/1 00 of that of oxygen. In 
this case, only if the dependency on oxygen concentra- 
tion of the pumping current slightly differs, the difference 
in limiting current value with respect to the change in 

45 oxygen concentration becomes larger than an amount 
of change in limiting current caused by NOx to be meas- 
ured. 

In addition, the foregoing sensor has had the follow- 
ing inconveniences. Namely, when a diffusion rate-de- 

50 termining means for the pumping cell is clogged with 
burned products of oil contained in exhaust gas, then a 
change occurs in the pumping current, and the accuracy 
is deteriorated. Further, when the temperature of ex- 
haust gas is greatly changed, an abnormal factor arises 

55 in the measured value. 

Moreover, the system comprising the two sets of 
sensors has had the following drawback. Namely, if a 
difference occurs between chronological changes in re- 
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spective characteristics of the sensors, the difference 
exactly provides an error, and the system cannot be 
used for a long period of time. 

As described above, oxygen existing in the meas- 
urement gas involves various problems on the NOx 
measurement. Further, oxygen arises similar problems 
such as decrease in measurement accuracy when 
measurement gas components other than NOx are 
measured. It has been strongly demanded to solve 
these problems. 

The present inventors have disclosed, in Japanese 
Laid-Open Patent Publication No. 8-271476, a new 
measuring system based on the use of first and second 
electrochemical pumping cells arranged in series, in 
which a measurement gas component having bound ox- 
ygen such as NOx in a measurement gas can be meas- 
ured accurately in a continuous manner with good re- 
sponse for a long period of time without being affected 
by the oxygen concentration or the change thereof in 
the measurement gas. 

The measuring system, which has been illustrative- 
ly proposed, will be briefly explained especially for its 
measuring procedure. At first, a measurement gas, 
which contains a gas component having bound oxygen 
to be measured, is successively introduced into first and 
second processing zones under predetermined diffu- 
sion resistances respectively from an external measure- 
ment gas-existing space. 

In the first processing zone, oxygen in the atmos- 
phere is pumped out by using the fist electrochemical 
pumping cell. Thus the value of partial pressure of oxy- 
gen is. controlled to be low, at which the measurement 
for the amount of the objective component is not sub- 
stantially affected. 

In the second processing zone, the measurement 
gas component in the atmosphere, which has been in- 
troduced from the first processing zone, is reduced or 
decomposed. Oxygen produced during this process is 
pumped out by the aid of the oxygen-pumping action 
effected by the second electrochemical pumping cell. 

A pumping current, which flows through the second 
electrochemical pumping cell, is detected to obtain a de- 
tected value from which the amount of the objective 
component in the measurement gas is determined. 

However, as a result of further investigations on the 
illustratively proposed measuring system, the following 
problem has been revealed. Namely, when the oxygen 
concentration in the measurement gas is increased : the 
partial pressure of oxygen in the atmosphere introduced 
from the first processing zone to the second processing 
zone is changed (increased), although the oxygen con- 
centration (partial pressure) in the atmosphere in the 
first processing zone is controlled by adjusting the 
pumping voltage of the first electrochemical pumping 
cell so that the electromotive force detected for the first 
processing zone by an oxygen partial pressure-detect- 
ing means (electrochemical sensor cell) has a constant 
value. 



Namely, when the oxygen concentration in exhaust 
gas increases, the decomposing current for NO in the 
second processing zone also increases. As a result, it 
is feared that the improvement in measurement accura- 
5 cy undergoes a limit. 

The foregoing phenomenon is caused as follows. 
Namely, even when the oxygen concentration in the first 
processing zone is controlled to be constant by using 
the first electrochemical pumping cell in the first 
10 processing zone, if the oxygen concentration in exhaust 
gas greatly changes, for example, by a degree of 0 to 
20 %, then the distribution of oxygen concentration in 
the first processing zone changes, and the concentra- 
tion of oxygen which enters the second processing zone 

15 changes. 

Accordingly, if the pumping ability of the first elec- 
trochemical pumping cell is increased in the first 
processing zone, the change in concentration of oxygen 
which enters the second processing zone can be de- 

20 creased. However, such a counlermeasure involves 
various problems. 

Specifically, in order to enhance the pumping ability, 
those conceivable include, for example, a method to en- 
large the area of the pumping electrode, and a method 

2S to raise the temperature of the pump. However, if the 
area of the pumping electrode is enlarged, the area (vol- 
ume) of the first processing zone is necessarily in- 
creased. As a result, it is feared that the response is 
delayed. On the other hand, if the operating temperature 

30 of the pump is raised, reduction of the measurement gas 
component, for example, NOx tends to occur, or decom- 
position of NO tends to occur on the pumping electrode 
in the first processing zone. As a result, it is feared that 
the sensitivity to NO is lowered. 

35 

SUMMARY OF THE INVENTION ' 

The present invention has been made taking such 
problems into consideration, an object of which is topro- 

40 vide a gas sensor which makes it possible to avoid in- 
terference exerted on the NO sensitivity by the change 
in oxygen concentration in exhaust gas and improve the 
measurement accuracy for a measurement gas compo- 
nent, starting from the gas sensor having excellent per- 
formance illustratively proposed as described above. 

The present invention lies in a gas sensor for deter- 
mining an amount of a specified component in a meas- 
urement gas by reducing or decomposing the compo- 
nent having bound oxygen in the measurement gas and 

50 measuring an amount of oxygen produced during the 
reduction or decomposition, the gas sensor comprising 
substrates composed of solid electrolytes, a first diffu- 
sion rate-determining section for introducing the meas- 
urement gas under a predetermined diffusion resist- 

55 ance, a first internal space for making communication 
with an atmosphere of the measurement gas via the first 
diffusion rate-determining section, a first electrochemi- 
cal pumping cell comprising the solid electrolyte for con- 
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structing the first internal space and a pair of first pump- 
ing electrodes provided in contact therewith, a first elec- 
trochemical sensor cell comprising the solid electrolyte 
for constructing the first internal space and a pair of first 
measuring electrodes provided in contact therewith, a 
second diffusion rate-determining section for introduc- 
ing, under a predetermined diffusion resistance, the gas 
adjusted to have a predetermined value of oxygen con- 
centration in the first internal space, a second internal 
space for making communication with the atmosphere 
of the measurement gas via the second diffusion rate- 
determining section, a second electrochemical pumping 
cell comprising the solid electrolyte for constructing the 
second internal space and a pair of second pumping 
electrodes provided in contact therewith, a second elec- 
trochemical sensor cell comprising the solid electrolyte 
for constructing the second internal space and a pair of 
second measuring electrodes provided in contact there- 
with, a third diffusion rate-determining section for intro- 
ducing, under a predetermined diffusion resistance, the 
gas adjusted to have a predetermined value of oxygen 
concentration in the second internal space, a third elec- 
trochemical pumping cell for pumping out oxygen pro- 
duced by reduction or decomposition of the component 
having bound oxygen in the measurement gas intro- 
duced via the third diffusion rate-determining section, 
and a current-detecting means for detecting a pumping 
current which is allowed to flow in accordance with op- 
eration of the third electrochemical pumping cell. 

According to the present invention, the measure- 
ment gas is firstly introduced into the first internal space 
under the predetermined diffusion resistance via the first 
diffusion rate-determining section. The measurement 
gas introduced into the first internal space is adjusted 
to have the predetermined oxygen concentration by the 
aid of the pumping action effected by the first electro- 
chemical pumping cell. 

The gas, which has been adjusted to have the pre- 
determined oxygen concentration by the aid of the first 
electrochemical pumping cell, is introduced into the sec- 
ond internal space under the predetermined diffusion re- 
sistance via the second diffusion rate-determining sec- 
tion. The gas introduced into the second internal space 
is finely adjusted to have the predetermined oxygen 
concentration by the aid of the pumping action effected 
by the second electrochemical pumping cell. 

The gas, which has been finely adjusted to have the 
predetermined oxygen concentration by the aid of the 
second electrochemical pumping cell, is introduced into 
the third electrochemical pumping cell under the prede- 
termined diffusion resistance via the third diffusion rate- 
determining section. The third electrochemical pumping 
cell performs the operation so that the component hav- 
ing bound oxygen in the introduced measurement gas 
is reduced or decomposed, and oxygen produced by the 
reduction or decomposition is pumped out. 

The pumping current, which is allowed to flow in ac- 
cordance with the operation (pumping out of the oxygen) 



effected by the third electrochemical pumping cell, is de- 
tected by the current-detecting means. The amount of 
the specified component in the measurement gas is de- 
termined on the basis of the detected value. 

5 When the oxygen concentration in the measure- 
ment gas is greatly changed (in a range of 0 to 20 %) 
during the period in which the foregoing operation is per- 
formed, then the distribution of oxygen concentration in 
the measurement gas introduced into the first internal 

10 space is greatly changed, and the amount of oxygen in- 
troduced into the second internal space is also changed. 

The concentration of oxygen introduced into the 
second internal space is finely adjusted by the second 
electrochemical pumping cell. However, owing to the 

15 pumping operation effected by the first electrochemical 
pumping cell in the first internal space, the change in 
concentration of oxygen introduced into the second in- 
ternal space is greatly reduced as compared with the 
change in concentration of oxygen in the measurement 

20 gas (the measurement gas introduced into the first in- 
ternal space). Therefore, it is possible to accurately con- 
trol the oxygen concentration in the second internal 
space to be constant. 

In the present invention, the pumping operation ef- 

25 fectod by the second electrochemical pumping cell is 
subjected to feedback control based on the use of the 
second electrochemical sensor cell provided for the sec- 
ond internal space. Thus it is possible to more accurate- 
ly control the oxygen concentration in the second inter- 

30 nal space. 

As described above, the oxygen concentration is 
accurately controlled to be constant in the second inter- 
nal space. Accordingly, the concentration of oxygen in- 
troduced into the third electrochemical pumping cell 

35 scarcely suffers the influence exerted by the change in 
oxygen concentration in the measurement gas (the 
measurement gas introduced into the first internal 
space). As a result, the pumping current value, which is 
detected by the current-detecting means in accordance 

40 with the pumping out for the oxygen effected by the third 
electrochemical pumping cell, is not affected by the 
change in concentration of oxygen in the measurement 
gas. The pumping current value is a value which accu- 
rately corresponds to the amount of the objective com- 

45 ponent existing in the measurement gas. 

Namely, the gas sensor according to the present in- 
vention makes it possible to avoid interference exerted 
by the change in concentration of oxygen in exhaust gas 
on the detecting sensitivity for the amount of the objec- 

50 tive component existing in the measurement gas. Thus 
it is possible to improve the measurement accuracy for 
the measurement gas component. 

In a preferred embodiment, the gas sensor accord- 
ing to the present invention further comprises a third in- 

55 ternal space which communicates with the atmosphere 
of the measurement gas via the third diffusion rate-de- 
termining section, wherein the third electrochemical 
pumping cell comprises the solid electrolyte for con- 
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strucling the third internal space and a pair of third 
pumping electrodes provided in contact therewith. 

In this embodiment, the oxygen concentration is ac- 
curately controlled to be constant in the second internal 
space. Accordingly, the concentration of oxygen intro- $ 
duced into the third internal space is scarcely affected 
by the change in oxygen concentration in the measure- 
ment gas (the measurement gas introduced into the first 
internal space). As a result, the pumping current value, 
which is detected by the current-detecting means in ac- 10 
cordance with the pumping out for the oxygen effected 
by the third electrochemical pumping cell provided for 
the third internal space, is not affected by the change in 
concentration of oxygen in the measurement gas. The 
pumping current value is a value which accurately cor- is 
responds to the amount of the objective component ex- 
isting in the measurement gas. 

In another preferred embodiment of the gas sensor 
according to the present invention, the third electro- 
chemical pumping cell comprises the solid electrolyte 20 
for constructing the second internal space and a pair of 
third pumping electrodes provided in contact therewith. 

In this embodiment, it is unnecessary to provide a 
new internal space for providing the third electrochem- 
ical pumping cell. Therefore, it is possible to facilitate 2s 
miniaturization of the entire structure of the gas sensor. 

In still another embodiment of the gas sensor con- 
structed as described above, it is preferable that the sec- 
ond measuring electrode and the third pumping elec- 
trode provided for the second internal space, of the pair 30 
of second measuring electrodes and the pair of third 
pumping electrodes, are arranged opposingly to one an- 
other. 

In this embodiment, when the concentration of the 
measurement gas component is measured on the basis 35 
of the pumping current, the second measuring electrode 
and the third pumping electrode are in a relational ar- 
rangement in which the former is scarcely affected by 
the latter. Therefore, even when the third electrochem- 
ical pumping cell is provided in the second internal *o 
space, the amount of the objective component existing 
in the measurement gas can be accurately measured. 

In the gas sensor constructed as described above, 
it is preferable that the second pumping electrode and 
the second measuring electrode provided for the sec- 4$ 
ond internal space, of the pair of second pumping elec- 
trodes and the pair of second measuring electrodes, are 
combined into a common eleclrode. 

In this embodiment, it is unnecessary to give a 
broad area in order to form the electrode in the second so 
internal space. Accordingly, it is possible to miniaturize 
the structure of the gas sensor itself. When the gas sen- 
sor is designed to have an identical size, it is possible 
to give a wide volume of the first internal space. Thus it 
is possible to enhance the pumping function of the sec- * ss 
ond electrochemical pumping cell, and it is possible to 
more accurately perform fine adjustment for the oxygen 
concentration in the second internal space. 
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Owing to the common structure of the pumping 
eleclrode and the measuring electrode, for example, 
when the amount of pumping out of oxygen effected by 
the second electrochemical pumping cell in the second 
internal space changes, and the oxygen concentration 
in the second internal space changes, then the meas- 
ured voltage in the second electrochemical sensor cell 
also changes without any time delay. Accordingly, the 
second electrochemical pumping cell can be subjected 
to feedback control effected by the second electrochem- 
ical sensor cell in an appropriate manner without involv- 
ing any oscillation. 

In the gas sensor described above, it is preferable 
that a material having lowered reducing ability or having 
no reducing ability for NO in the measurement gas is 
used as a material for the first pumping electrode and 
the first measuring electrode disposed in the first inter- 
nal space and for the second pumping electrode and the 
second measuring electrode disposed in the second in- 
ternal space. In this embodiment, Ihose usable as the 
material having lowered reducing ability or having no re- 
ducing ability for NO in the measurement gas include a 
cermet of Au and Zr0 2 and a cermet of Au, an alloy of 
Pt group element, and Zr0 2 . 

In another aspect, the present invention lies in a gas 
sensor for determining an amount of a specified com- 
ponent in a measurement gas by reducing or decom- 
posing the component having bound oxygen in the 
measurement gas and measuring an amount of oxygen 
produced during the reduction or decomposition, the 
gas sensor comprising substrates composed of solid 
electrolytes, a first diffusion rate-determining section for 
introducing the measurement gas under a predeter- 
mined diffusion resistance, afirst internal space for mak- 
ing communication with an atmosphere of the measure- 
ment gas via the first diffusion rate-determining section, 
a first electrochemical pumping cell comprising the solid 
electrolyte for constructing the first internal space and a 
pair of first pumping electrodes provided in contact 
therewith, a first electrochemical sensor cell comprising 
the solid electrolyte for constructing the first internal 
space and a pair of first measuring electrodes provided 
in contact therewith, a second diffusion rate-determining 
section for introducing, under a predetermined diffusion 
resistance, the gas adjusted to have a predetermined 
value of oxygen concentration in the first internal space, 
a second internal space for making communication with 
the atmosphere of the measurement gas viathe second 
diffusion rate-determining section : a second electro- 
chemical pumping cell comprising the solid electrolyte 
for constructing the second internal space and a pair of 
second pumping electrodes provided in contact there- 
with, a second electrochemical sensor cell comprising 
the solid electrolyte for constructing the second internal 
space and a pair of second measuring electrodes pro- 
vided in contact therewith, a third diffusion rate-deter- 
mining section for introducing, under a predetermined 
diffusion resistance, the gas adjusted to have a prede- 
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termined value of oxygen concentration in the second 
internal space, a third electrochemical sensor cell for 
outputting an electromotive force corresponding to a 
partial pressure of oxygen defined by oxygen produced 
by reduction or decomposition of the component having 
bound oxygen in the measurement gas introduced via 
the third diffusion rate-determining section, and a volt- 
age-detecting means for detecting the electromotive 
force outputted from the third electrochemical sensor 
cell. 

According to the present invention, the measure- 
ment gas is firstly introduced into the first internal space 
under the predetermined diffusion resistance via the first 
diffusion rate-determining section. The measurement 
gas introduced into the first internal space is adjusted 
to have the predetermined oxygen concentration by the 
aid of the pumping action effected by the first electro- 
chemical pumping cell. 

The gas, which has been adjusted to have the pre- 
determined oxygen concentration by the aid of the first 
electrochemical pumping cell, is introduced into the sec- 
ond internal space under the predetermined diffusion re- 
sistance via the second diffusion rate-determining sec- 
tion. The gas introduced into the second internal space 
is finely adjusted to have the predetermined oxygen 
concentration by the aid of the pumping action effected 
by the second electrochemical pumping cell. 

The gas, which has been finely adjusted to have the 
predetermined oxygen concentration by the aid of the 
second electrochemical pumping cell, is introduced into 
the third electrochemical sensor cell under the prede- 
termined diffusion resistance via the third diffusion rate- 
determining section. The third electrochemical sensor 
cell reduces or decomposes the component having 
bound oxygen in the introduced measurement gas, and 
it outputs the electromotive force corresponding to the 
partial pressure of oxygen defined by oxygen produced 
during the reduction or decomposition. 

The electromotive force outputted from the third 
electrochemical sensor cell is detected by the voltage- 
detecting means. The amount of the specified compo- 
nent in the measurement gas is determined on the basis 
of the detected value (voltage value). 

When the oxygen concentration in the measure- 
ment gas is greatly changed (in a range of 0 to 20 %) 
during the period in which the foregoing operation is per- 
formed, then the distribution of oxygen concentration in 
the measurement gas introduced into the first internal 
space is greatly changed, and the amount of oxygen in- 
troduced into the second internal space is also changed. 

The concentration of oxygen introduced into the 
second internal space is finely adjusted by the second 
electrochemical pumping cell. However, owing to the 
pumping operation effected by the first electrochemical 
pumping cell in the first internal space, the change in 
concentration of oxygen introduced into the second in- 
ternal space is greatly reduced as compared with the 
change in concentration of oxygen in the measurement 
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gas (the measurement gas introduced into the first in- 
ternal space). Therefore, it is possible to accurately con- 
trol the oxygen concentration in the second internal 
space to be constant. 

5 In the present invention, the pumping operation ef- 

fected by the second electrochemical pumping cell is 
subjected to feedback control on the basis of the second 
electrochemical sensor cell provided for the second in- 
ternal space. Thus it is possible to more accurately con- 

10 trol the oxygen concentration in the second internal 
space. 

As described above, the oxygen concentration is 
accurately controlled to be constant in the second inter- 
nal space. Accordingly, the concentration of oxygen in- 

15 troduced into the third electrochemical pumping cell 
scarcely suffers the influence exerted by the change in 
oxygen concentration in the measurement gas (the 
measurement gas introduced into the first internal 
space). As a result, the voltage value, which is detected 

20 by the vollage-delecling means, is not affected by the 
change in concentration of oxygen in the measurement 
gas. The voltage value is a value which accurately cor- 
responds to the amount of the objective component ex- 
isting in the measurement gas. 

2S Namely, the gas sensor according to this aspect of 

the present invention makes it also possible to avoid in- 
terference exerted by the change in concentration of ox- 
ygen in exhaust gas on the detecting sensitivity for the 
amount of the objective component existing in the meas- 

30 urement gas. Thus it is possible to improve the meas- 
urement accuracy for the measurement gas compo- 
nent. 

Especially, in the gas sensor according to the 
present invention, the third electrochemical sensor cell 

35 outputs the electromotive force corresponding to the 
partial pressure of oxygen defined by oxygen produced 
by the reduction or decomposition of the measurement 
gas component. The electromotive force is detected as 
the voltage value by the voltage-detecting means pro- 

40 vided for the downstream stage. Therefore, even when 
oxygen is produced in a slight amount upon measure- 
ment for a measurement gas component at a low con- 
centration, the slight amount of oxygen can be meas- 
ured as a large change in electromotive force. Accord- 

•*s ingly, it is possible to realize high S/N for the detecting 
sensitivity. 

In a preferred embodiment, the gas sensor accord- 
ing to the present invention further comprises a third in- 
ternal space which communicates with the atmosphere 

50 of the measurement gas via the third diffusion rate-de- 
termining section, wherein the third electrochemical 
sensor cell comprises the solid electrolyte for construct- 
ing the third internal space and a pair of third measuring 
electrodes provided in contact therewith. 

55 in this embodiment, the third electrochemical sen- 

sor cell outputs the electromotive force corresponding 
to the partial pressure of oxygen in the atmosphere in 
the third internal space defined by oxygen produced by 
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the reduction of decomposition of the measurement gas 
component. In conjunction with the fact that the oxygen 
concentration is accurately controlled to be constant in 
the second internal space, the concentration of oxygen 
introduced into the third internal space is scarcely af- 
fected by the change in oxygen concentration in the 
measurement gas (the measurement gas introduced in- 
to the first internal space). As a result, the voltage value, 
which is detected by the voltage-detecting means, is not 
affected by the change in concentration of oxygen in the 
measurement gas. The voltage value is a value which 
accurately corresponds to the amount of the objective 
component existing in the measurement gas. 

In another preferred embodiment of the gas sensor 
according to the present invention, the third electro- 
chemical sensor cell comprises the solid electrolyte for 
constructing the second internal space and a pair of third 
measuring electrodes provided in contact therewith. 

In this embodiment, it is unnecessary to provide a 
new internal space for providing the third electrochem- 
ical sensor cell. Therefore, it is possible to facilitate min- 
iaturization of the entire structure of the gas sensor. 

In the gas sensor constructed as described above, 
it is preferable that the third measuring electrode pro- 
vided for the second internal space, of the pair of third 
measuring electrodes is exposed to the inside of the 
second internal space. Namely, the third diffusion rate- 
determining section may be omitted. In other words, the 
third diffusion rate-determining section can be omitted 
by appropriately adjusting the relational arrangement of 
the second pumping electrode and the third measuring 
electrode in the second internal space. In this embodi- 
ment, it is unnecessary to form the third diffusion rate- 
determining section so that it surrounds the third meas- 
uring electrode. Therefore, it is possible to simplify the 
production steps. 

In still another embodiment of the gas sensor con- 
structed as described above, it is preferable that the sec- 
ond measuring electrode and the third measuring elec- 
trode provided for the second internal space, of the pair 
of second measuring electrodes and the pair of third 
measuring electrodes, are arranged in parallel to one 
another. 

In this embodiment, when the concentration of the 
measurement gas component is measured on the basis 
of the electromotive force, the second measuring elec- 
trode and the third measuring electrode are disposed 
adjacent to one another. Therefore, il is possible to more 
accurately control the oxygen concentration in the vicin- 
ity of the second measuring electrode. Even when the 
third electrochemical sensor cell is provided in the sec- 
ond internal space, the amount of the objective compo- 
nent existing in the measurement gas can be accurately 
measured. 

In the gas sensor constructed as described above, 
it is preferable that the second pumping electrode and 
the second measuring electrode provided for the sec- 
ond internal space, of the pair of second pumping elec- 



trodes and the pair of second measuring electrodes, are 
combined into a common electrode. 

In this embodiment, it is unnecessary to give a 
broad area in order to form the electrode in the second 
5 internal space. Accordingly, it is possible to miniaturize 
the structure of the gas sensor itself. When the gas sen- 
sor is designed to have an identical size, it is possible 
to give a wide volume of the second internal space. Thus 
it is possible to enhance the pumping function of the sec- 
10 ond electrochemical pumping cell, and it is possible to 
more accurately perform fine adjustment for the oxygen 
concentration in the second internal space. 

Owing to the common structure of the pumping 
electrode and the measuring electrode, for example, 
15 when the amount of pumping out of oxygen effected by 
the second electrochemical pumping cell in the second 
internal space changes, and the oxygen concentration 
in the second internal space changes, then the meas- 
ured voltage in the second electrochemical sensor cell 
20 also changes without any time delay. Accordingly, the 
second electrochemical pumping cell can be subjected 
to feedback control effected by the second electrochem- 
ical sensor cell in an appropriate manner without involv- 
ing any oscillation. 
25 In the gas sensor described above, it is preferable 

that a material having lowered reducing ability or having 
no reducing ability for NO in the measurement gas is 
used as a material for the first pumping electrode and 
the first measuring electrode disposed in the first inter- 
30 nal space and for the second pumping electrode and the 
second measuring electrode disposed in the second in- 
ternal space. In this embodiment, those usable as the 
material having lowered reducing ability or having no re- 
ducing ability for NO in the measurement gas include a 
35 cermet of Au and Zr0 2 and a cermet of Au, an alloy of 
Pt group element, and Zr0 2 . 

The above and other objects, features and advan- 
tages of the present invention will become more appar- 
ent from the following description when taken in con- 
40 junction with the accompanying drawings in which a pre- 
ferred embodiment of the present invention is shown by 
way of illustrative example. 



45 



DESCRIPTION OF THE DRAWINGS 



FIG. 1 shows a schematic cross-sectional view il- 
lustrating an arrangement of a gas sensor according to 
a first embodiment. 

FIG. 2 shows a characteristic curve illustrating de- 
50 pendency on NOx concentration, of the pumping current 
flowing through a third electrochemical pumping cell. 

FIG. 3 shows characteristic curves illustrating the 
change in pumping current in the third electrochemical 
pumping cell, obtained when the oxygen concentration 
55 jn a measurement gas was changed in a range of 0 to 
20 %, wherein a solid line represents the characteristic 
obtained in Example 1, and a chain line represents the 
characteristic obtained in Comparative Example. 
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FIG. 4 shows a schematic cross-sectional view il- 
lustrating an arrangement of a modified embodiment of 
the gas sensor according to the first embodiment. 

FIG. 5 shows characteristic curves illustrating the 
change in electromotive force generated from a third 
electrochemical sensor cell, obtained when the oxygen 
concentration in a measurement gas was changed in a 
range of 0 to 20 %, wherein a solid line represents the 
characteristic obtained in Example 2, and a chain line 
represents the characteristic obtained in Comparative 
Example. 

FIG. 6 shows a schematic cross-sectional view il- 
lustrating an arrangement of a gas sensor according to 
a second. embodiment. 

FIG. 7 shows a cross-sectional view taken along a 
line A-A in FIG. 6. 

FIG. 8 shows a schematic cross-sectional view il- 
lustrating an arrangement of a gas sensor according to 
a third embodiment. 

FIG. 9 shows a cross-sectional view taken along a 
line B-B in FIG. 8. 

FIG. 10 shows a schematic cross-sectional view il- 
lustrating an arrangement of a gas sensor according to 
a fourth embodiment. 

FIG. 11 shows a cross-sectional view taken along 
a line C-C in FIG. 10. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Several illustrative embodiments, in which the gas 
sensor according to the present invention is applied to 
gas sensors for measuring oxides such as NO, N0 2 , 
S0 2 , C0 2 , and H 2 0 and inflammable gases such as CO 
and CnHm contained, for example, in atmospheric air 
and exhaust gas discharged from vehicles or automo- 
biles, will be explained with reference to FIGs. 1 to 11. 

As shown in FIG. 1 , a gas sensor according to a first 
embodiment comprises, for example, six stacked solid 
electrolyte layers 1 0a to 1 0f each composed of a ceram- 
ic based on the use of an oxygen ion-conductive solid 
electrolyte such as Zr0 2 . First and second layers from 
the bottom are designated as first and second substrate 
layers 10a, 10b, third and fifth layers from the bottom 
are designated as first and second spacer layers 10c, 
1 0e, and fourth and sixth layers from the bottom are des- 
ignated as first and second solid electrolyte layers 10d, 
10f. 

Specifically, the first spacer layer 10c is stacked on 
the second substrate layer 1 0b. The first solid electrolyte 
layer 10d, the second spacer layer 10e. and the second 
solid electrolyte layer 1 0f are successively stacked on 
the first spacer layer 10c. 

A space (reference gas-introducing space 12), into 
which a reference gas such as atmospheric air to serve 
as a reference for measuring oxides is introduced, is 
comparted and formed between the second substrate 
layer 10b and the first solid electrolyte layer 10d, by a 



lower surface of the first solid electrolyte layer 10d, an 
upper surface of the second substrate layer 10b, and 
side surfaces of the first spacer layer 10c. 

The second spacer layer 1 0e is interposed between 

5 the first and second solid electrolyte layers 1 0d, 1 0f, and 
first, second, and third diffusion rate-determining sec- 
tions 14, 16, 18 are interposed therebetween. 

A first internal space 20 for adjusting the partial 
pressure of oxygen in the measurement gas is compart- 

10 ed and formed by a lower surface of the second solid 
electrolyte layer 1 0f, side surfaces of the first and sec- 
ond diffusion rate-determining sections 14, 16, and an 
upper surface of the first solid electrolyte layer 10d. A 
second internal space 22 for finely adjusting the partial 

is pressure of oxygen in the measurement gas is compart- 
ed and formed by the lower surface of the second solid 
electrolyte layer 1 0f, side surfaces of the second and 
third diffusion rate-determining sections 16, 18, and the 
upper surface of the first solid electrolyte layer 10d. A 

20 ihird internal space 24 for measuring oxides, for exam- 
ple, nitrogen oxides (NOx) in the measurement gas is 
comparted and formed by the lower surface of the sec- 
ond solid electrolyte layer 1 0f, a side surface of the third 
diffusion rate-determining section 18, side surfaces of 

25 the second spacer layer 10e, and the upper surface of 
the first solid electrolyte layer 10d. 

The external space is allowed to communicate with 
the first internal space 20 via the first diffusion rate-de- 
termining section 14. The first internal space is allowed 

30 to communicate with the second internal space 22 via 
the second diffusion rate-determining section 16. The 
second internal space 22 is allowed to communicate 
with the third internal space 24 via the third diffusion 
rate-determining section 18. 

35 The first, second, and third diffusion rate-determin- 
ing sections 14, 16, 18 give predetermined diffusion re- 
sistances to the measurement gas introduced into the 
first internal space 20, the second internal space 22, and 
the third internal space 24 respectively. Each of the dif- 

40 fusion rate-determining sections 14, 16, 18 can be 
formed as a passage composed of, for example, a po- 
rous material, or a small hole having a predetermined 
cross-sectional area through which the measurement 
gas can be introduced. 

45 Especially, a porous member composed of, for ex- 
ample, Zr0 2 is charged and arranged in the second and 
third diffusion rate-determining sections 16, 18. Thus 
the diffusion resistances of the second and third diffu- 
sion rate-determining sections 16, 18 are made larger 

50 than the diffusion resistance of the first diffusion rate- 
determining section 14. 

The atmosphere in the first internal space 20 is in- 
troduced into the second internal space 22 under the 
predetermined diffusion resistance via the second diffu- 

55 sion rate-determining section 16. Further, the atmos- 
phere in the second internal space 22 is introduced into 
the third internal space 24 under the predetermined dif- 
fusion resistance. 
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A first inner pumping electrode 26 having an ap- 
proximately rectangular planar configuration and com- 
posed of a porous cermet electrode is formed on an en- 
tire surface portion of the lower surface of the second 
solid electrolyte layer lOf for forming the first internal 5 
space 20. A first outer pumping electrode 28 is formed 
on a portion of the upper surface of the second solid 
electrolyte layer 1 0f, the portion corresponding to the 
first inner pumping electrode 26. A first electrochemical 
pumping cell 30 is constructed by the first inner pumping 10 
electrode 26, the first outer pumping electrode 28, and 
the second solid electrolyte layer 1 0f. 

A desired voltage Vpl is applied by the aid ol an ex- 
ternal variable power source 32 between the first inner 
pumping electrode 26 and the first outer pumping elec- is 
trode 28 of the first electrochemical pumping cell 30 so 
that a pumping current is allowed to flow in a direction 
from the first outer pumping electrode 28 to the first inner 
pumping electrode 26. Thus oxygen in the atmosphere 
in the first internal space 20 can be pumped out to the 20 
external space at the outside. 

A first measuring electrode 34 having an approxi- 
mately rectangular planar configuration and composed 
of a porous cermet electrode is formed on a portion of 
the upper surface of the first solid electrolyte layer 10d 2S 
for forming the first internal space 20, the portion being 
adjacent to the second diffusion rate-determining sec- 
tion 16. A first reference electrode 36 is formed on a 
portion of the lower surface of the first solid electrolyte 
layer 10d, the portion being exposed to the reference 30 
gas-introducing space 1 2 and corresponding to the first 
measuring electrode 34. A first electrochemical sensor 
cell 38, which serves as an oxygen partial pressure-de- 
tecting means, is constructed by the first measuring 
electrode 34, the first reference electrode 36, and the 35 
first solid electrolyte layer 10d. 

The first electrochemical sensor cell 38 is operated 
to measure, with a voltmeter V1 , an electromotive force 
generated between the first measuring electrode 34 and 
the first reference electrode 36 on the basis of a differ- 40 
ence in oxygen concentration between the atmosphere 
in the first internal space 20 and the reference gas (at- 
mospheric air) in the reference gas-introducing space 
12. Thus the partial pressure of oxygen in the atmos- 
phere in the first internal space 20 can be detected. 45 

A detected value of the partial pressure of oxygen 
is used to perform feedback control for the variable pow- 
er source 32. Specifically, the pumping action of the first 
electrochemical pumping cell 30 is controlled so that the 
partial pressure of oxygen in the atmosphere in the first so 
internal space 20 has a predetermined value which is 
sufficiently low to perform control of the partial pressure 
of oxygen in the next internal space 22. 

The porous cermet electrode for constructing the 
first inner pumping electrode 26 and the first outer ss 
pumping electrode 28 is composed of a metal such as 
Pt and a ceramic such as Zr0 2 . However, it is necessary 
that a material having weakened reducing ability or hav- 
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ing no reducing ability for the NO component in the 
measurement gas is used for the first inner pumping 
electrode 26 and the first measuring electrode 34 which 
are arranged in the first internal space 20 and which 
make contact with the measurement gas. It is preferable 
that the first inner pumping electrode 26 and the first 
measuring electrode 34 are composed of, for example, 
a compound having the perovskite structure such as 
La 3 Cu0 4 , a cermet of a ceramic and a metal having low 
catalytic activity such as Au, or a cermet of a ceramic, 
a Pt group metal, and a metal having low catalytic ac- 
tivity such as Au. When an alloy of Au and a Pt group 
metal is used as an electrode material, it is preferable 
to add Au in an amount of 0.03 to 35 vol% of the entire 
metal component. 

A second inner pumping electrode 40 having an ap- 
proximately rectangular planar configuration and com- 
posed of a porous cermet electrode is formed on an en- 
tire surface portion of the lower surface of the second 
solid electrolyte layer 10f for forming the second internal 
space 22. A second outer pumping electrode 42 is 
formed on a portion of the upper surface of the second 
solid electrolyte layer 1 0f, the portion corresponding to 
the second inner pumping electrode 40. A second elec- 
trochemical pumping cell 44 is constructed by tho sec- 
ond inner pumping electrode 40, the second outer 
pumping electrode 42, and the second solid electrolyte 
layer 1 0f. 

A desired voltage Vp2 is applied by the aid of an 
external variable power source 46 between the second 
inner pumping electrode 40 and the second outer pump- 
ing electrode 42 of the second electrochemical pumping 
cell 44 so that a current is allowed to flow in a direction 
from the second outer pumping electrode 42 to the sec- 
ond inner pumping electrode 40. Thus oxygen in the at- 
mosphere in the second internal space 22 can be 
pumped out to the external space. Accordingly, the par- 
tial pressure of oxygen in the atmosphere in the second 
internal space 22 is controlled to have a low value of the 
partial pressure of oxygen at which measurement for the 
amount of the objective component is not substantially 
affected, under the condition in which the measurement 
gas component (NOx) is not substantially reduced or de- 
composed. In this arrangement, owing to the operation 
of the first electrochemical pumping cell 30 disposed for 
the first internal space 20. the change in amount of ox- 
ygen introduced into the second internal space 22 is 
greatly reduced as compared with the change in the 
measurement gas. Therefore, the partial pressure of ox- 
ygen in the second internal space 22 is accurately con- 
trolled to be constant. 

In the gas sensor according to the first embodiment, 
a second measuring electrode 48 having an approxi- 
mately rectangular planar configuration and composed 
of a porous cermet electrode is formed on a portion of 
the upper surface of the first solid electrolyte layer 10d 
for forming the second internal space 22, the portion be- 
ing adjacent to the third diffusion rate-determining sec- 
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tion 18. A second reference electrode 50 is formed on 
a portion of the lower surface of the first solid electrolyte 
layer 10d, the portion being exposed to the reference 
gas-introducing space 1 2 and corresponding to the sec- 
ond measuring electrode 48. A second electrochemical 
sensor cell 52. which serves as an oxygen partial pres- 
sure-detecting means, is constructed by the second 
measuring electrode 48, the second reference electrode 
50, and the first solid electrolyte layer 10d. 

The second electrochemical sensor cell 52 is oper- 
ated to measure, with a voltmeter V2, an electromotive 
force generated between the second measuring elec- 
trode 48 and the second reference electrode 50 on the 
basis of a difference in oxygen concentration between 
the atmosphere in the second internal space 22 and the 
reference gas (atmospheric air) in the reference gas-in- 
troducing space 1 2. Thus the partial pressure of oxygen 
in the atmosphere in the second internal space 22 can 
be detected. 

A detected value of the partial pressure of oxygen 
is used to perform feedback control for the variable pow- 
er source 46. Thus the partial pressure of oxygen in the 
second internal space 22 is more accurately controlled 
by the second electrochemical pumping cell 44. 

Further, in the gas sensor according to the first em- 
bodiment, a third inner pumping electrode 54 having an 
approximately rectangular planar configuration and 
composed of a porous cermet electrode is formed on an 
approximately entire surface portion of the upper sur- 
face of the first solid electrolyte layer 10d for forming the 
third internal space 24. A third outer pumping electrode 
56 is formed on a portion of the lower surface of the first 
solid electrolyte layer 10d, the portion being exposed to 
the reference gas-introducing space 12 and corre- 
sponding to the third inner pumping electrode 54. A third 
electrochemical pumping cell 58 is constructed by the 
third inner pumping electrode 54, the third outer pump- 
ing electrode 56, and the first solid electrolyte layer 10d. 

The third inner pumping electrode 54 is composed 
of a porous cermet comprising zirconia as a ceramic and 
Rh as a metal capable of reducing NOx which is the 
measurement gas component. Accordingly, the third in- 
ner pumping electrode 54 functions as a NOx-reducing 
catalyst for reducing NOx existing in the atmosphere in 
the third internal space 24. Further, the third inner pump- 
ing electrode 54 serves to pump out oxygen in the at- 
mosphere in the third internal space 24 to the reference 
gas-introducing space 12 in accordance with a constant 
voltage Vp3 applied between the third inner pumping 
electrode 54 and the third outer pumping electrode 56, 
by the aid of a DC power source 60. The pumping cur- 
rent, which is allowed to flow in accordance with the 
pumping action of the third electrochemical pumping cell 
58, is detected by an ammeter Ip. 

The constant voltage (DC) power source 60 can ap- 
ply a voltage having a magnitude to give a limiting cur- 
rent to the pumping for oxygen produced during the de- 
composition effected by the third electrochemical pump- 
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ingcel!58, under the inflow of NOx restricted by the third 
diffusion rate-determining section 18. 

The gas sensor according to the first embodiment 
further comprises a heater 62 for generating heat by the 

s aid of external power supply. The heater 62 is embed- 
ded in a form of being vertically interposed between the 
first and second substrate layers 10a, 10b. The heater 
62 is provided to enhance the oxygen ion conductivity. 
A ceramic layer 64 composed of alumina or the like is 

10 formed on upper and lower surfaces of the heater 62, 
for electrically insulating the heater 62 from the sub- 
strate layers 10a, 10b. 

As shown in FIG. 1 , the heater 62 is arranged over 
the entire area ranging from the first internal space 20 

is to the third internal space 24. Thus the respective inter- 
nal spaces 20, 22, 24 are heated to predetermined tem- 
peratures respectively. Further, the first, second, and 
third electrochemical pumping cells 30, 44, 58, and the 
first and second electrochemical sensor cells 38, 52 are 

20 also healed to and maintained at predetermined tem- 
peratures respectively. 

The gas sensor according to the first embodiment 
is placed so that its forward end is disposed on the side 
of the external space. Accordingly, the measurement 

2S gas is introduced into the first internal space 20 under 
the predetermined diffusion resistance via the first dif- 
fusion rate-determining section 14. The measurement 
gas introduced into the first internal space 20 undergoes 
the oxygen-pumping action caused by applying the pre- 

30 determined voltage Vpl between the pair of pumping 
electrodes 26, 28 for constructing the first electrochem- 
ical pumping cell 30. The partial pressure of oxygen is 
controlled to have a predetermined value, for example, 
10" 7 atm. 

35 The partial pressure of oxygen in the atmosphere 
in the first internal space 20 is controlled as follows so 
that it has the predetermined value; on the basis of the 
Nernst's equation. Namely, the electromotive force be- 
tween the first measuring electrode 34 and the first ref- 

40 erence electrode 36 of the first electrochemical sensor 
cell 38 is measured by using the voltmeter V1 to obtain 
a voltage value. The voltage (the variable power source 
32), which is applied between the pair of pumping elec- 
trodes 26, 28 of the first electrochemical pumping cell 

45 30, is subjected to feedback control so that the voltage 
value is, for example, 300 mV (700 °C). Thus the control 
is performed so that the objective partial pressure of ox- 
ygen of 10" 7 atm is achieved. 

Namely, the voltage Vpl applied to the first electro- 

50 chemical pumping cell 30 is controlled so that the elec- 
tromotive force outputted from the first electrochemical 
sensor cell 38 is an electromotive force which corre- 
sponds to a difference between the desired oxygen con- 
centration in the first internal space 20 and the oxygen 

55 concentration in the reference gas. 

The first diffusion rate-determining section 14 
serves to restrict the amount of diffusion and inflow of 
oxygen in the measurement gas into the measuring 
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space (the first internal space 20) when the voltage Vpl 
is applied to the first electrochemical pumping cell 30 so 
that the current flowing through the first electrochemical 
pumping cell 30 is suppressed. 

A state of partial pressure of oxygen in which NOx 
in the atmosphere is not reduced by the first inner pump- 
ing electrode 26 and the first measuring electrode 34, i. 
e., for example, a condition of partial pressure of oxygen 
in which the reaction of NO 1/2N 2 + 1/20 2 is not 
caused even in an environment of being heated by the 
external measurement gas and being heated by the 
heater 62 is established in the first internal space 20. 
This is because of the following reason. Namely, if NOx 
in the measurement gas (atmosphere) is reduced in the 
first internal space 20, it is impossible to accurately 
measure NOx in the third internal space 24 disposed in 
the downstream stage. In this context, it is necessary to 
establish the condition in which NOx is not reduced in 
the first internal space 20 by the components (the metal 
components of the first inner pumping electrode 26 and 
the first measuring electrode 34 in this case) which are 
possibly relevant to reduction of NOx. Specifically, this 
condition is achieved by using a material having low re- 
ducing ability for NOx, for example, an alloy of Au and 
Pt, for the first inner pumping electrode 26 and the first 
measuring electrode 34. 

The gas in the first internal space 20 is introduced 
into the second internal space 22 under the predeter- 
mined diffusion resistance via the second diffusion rate- 
determining section 1 6. The gas introduced into the sec- 
ond internal space 22 undergoes the oxygen-pumping 
action caused by applying the predetermined voltage 
Vp2 between the pair of pumping electrodes 40, 42 for 
constructing the second electrochemical pumping cell 
44. The gas is controlled so that its partial pressure of 
oxygen always has a constant low value of the partial 
pressure of oxygen, 

The partial pressure of oxygen in the atmosphere 
in the second internal space 22 is controlled as follows 
so that it has the predetermined low value, on the basis 
of the Nemst's equation. Namely, the electromotive 
force between the second measuring electrode 48 and 
the second reference electrode 50 of the second elec- 
trochemical sensor cell 52 is measured by using the volt- 
meter V2 to obtain a voltage value. The voltage (the var- 
iable power source 46), which is applied between the 
pair of pumping electrodes 40, 42 of the second elec- 
trochemical pumping cell 44, is subjected to feedback 
control so that the voltage value is, for example, 430 m V 
(700 °C). Thus the control is performed so that the con- 
stant low partial pressure of oxygen is obtained. 

Namely, the voltage Vp2 applied to the second elec- 
trochemical pumping cell 44 is controlled so that the 
electromotive force outputted from the second electro- 
chemical sensor ceil 52 is an electromotive force which 
corresponds to a difference between the desired oxygen 
concentration in the second internal space 22 and the 
oxygen concentration in the reference gas. 
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The second diffusion rate-determining section 16 
serves to restrict the amount ol diffusion and inflow of 
oxygen in the measurement gas into the measuring 
space (the second internal space 22) when the voltage 

5 Vp2 is applied to the second electrochemical pumping 
cell 44 so that the current flowing through the second 
electrochemical pumping cell 44 is suppressed, in the 
same manner as performed by the first diffusion rate- 
determining section 14. 

10 A state of partial pressure of oxygen in which NOx 
In the atmosphere is not reduced by the second inner 
pumping electrode 40 and the second measuring elec- 
trode 48 even in an environment of being heated by the 
external measurement gas and being heated by the 

15 heater 62 is also established in the second internal 
space 22, in the same manner as established in the first 
internal space 20. Accordingly, it is also necessary for 
the second inner pumping electrode 40 and the second 
measuring electrode 48 to use a material having weak- 

20 ened reducing ability or having no reducing ability for 
the NOcomponent in the measurement gas, in the same 
manner as the first inner pumping electrode 26 and the 
first measuring electrode 34. Preferably, for example, 
the electrodes are composed of a compound having the 

25 perovskite structure such as La 3 Cu0 4 , a cermet of a ce- 
ramic and a metal having tow catalytic activity such as 
Au, or a cermet of a ceramic, a Pt group metal, and a 
metal having low catalytic activity such as Au. When an 
alloy of Au and a Pt group metal is used as an electrode 

30 material, it is preferable to add Au in an amount of 0.03 
to 35 vol% of the entire metal component. 

The measurement gas, which has been controlled 
for the partial pressure of oxygen in the second internal 
space 22 as described above, is introduced into the third 

35 internal space 24 under the predetermined diffusion re- 
sistance via the third diffusion rate-determining section 
18. 

When it is intended to control the partial pressure 
of oxygen in the atmosphere in the first internal space 

40 20 to have a low value of the partial pressure of oxygen 
at which the measurement for NOx is not substantially 
affected, by operating the first electrochemical pumping 
cell 30, in other words, when the voltage Vp1 of the var- 
iable power source 32 is adjusted so that the voltage 

45 detected by the first electrochemical sensor cell 38 is 
constant, if the oxygen concentration in the measure- 
ment gas greatly changes, for example, in a range ot 0 
to 20 %, then the respective partial pressures of oxygen 
in the atmosphere in the second internal space 22 and 

50 in the atmosphere in the third internal space 24 are 
slightly changed in ordinary cases, probably because of 
the following reason. Namely when the oxygen concen- 
tration in the measurement gas is increased, the distri- 
bution of oxygen concentration appears over the first 

55 measuring electrode 34 in the widthwise direction and 
in the thickness direction of the first internal space 20. 
The distribution of oxygen concentration changes de- 
pending on the oxygen concentration in the measure- 
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ment gas. 

However, in the gas sensor according to the first 
embodiment, the second electrochemical pumping cell 
44 is provided for the second internal space 22 so that 
the partial pressure of oxygen in its internal atmosphere 
always has the constant low value of the partial pressure 
of oxygen. Therefore, even when the partial pressure of 
oxygen in the atmosphere introduced from the first in- 
ternal space 20 into the second internal space 22 is 
changed depending on the oxygen concentration in the 
measurement gas, the partial pressure of oxygen in the 
atmosphere in the second internal space 22 is always 
allowed to have the constant low value owing to the 
pumping action effected by the second electrochemical 
pumping cell 44. As a result, the partial pressure of ox- 
ygen can be controlled to have a low value at which the 
measurement for NOx is not substantially affected. 

NOx in the measurement gas introduced into the 
third internal space 24 is reduced or decomposed 
around the third inner pumping electrode 54 of the third 
electrochemical pumping cell 58, and for example, the 
reaction of NO 1/2N 2 + 1/20 2 is caused. During this 
process, a predetermined voltage Vp3, for example, a 
voltage of 430 mV (700 °C) is applied between the third 
inner pumping electrode 54 and the third outer pumping 
electrode 56 for constructing the third electrochemical 
pumping cell 58, in a direction to pump out oxygen from 
the third internal space 24 to the reference gas-introduc- 
ing space 12. 

Therefore, the pumping current flowing through the 
third electrochemical pumping cell 58 has a value which 
is proportional to a sum of the oxygen concentration in 
the atmosphere introduced into the third internal space 
24, i.e., the oxygen concentration in the second internal 
space 22 and the oxygen concentration produced by re- 
ducing or decomposing NOx by the third inner pumping 
electrode 54. 

In the present invention, the oxygen concentration 
in the atmosphere in the second internal space 22 is 
controlled to be constant by the aid of the second elec- 
trochemical pumping cell 44. Accordingly, as shown in 
FIG. 2, the pumping current flowing through the third 
electrochemical pumping cell 58 is proportional to the 
concentration of NOx. The concentration of NOx corre- 
sponds to the diffusion amount of NOx restricted by the 
third diffusion rate-determining section 18. Therefore, 
even when the oxygen concentration in the measure- 
ment gas is greatly changed, the NOx concentration can 
be accurately measured by means of the ammeter lp by 
the aid of the third electrochemical pumping cell 58. 

It is assumed, for example, that the partial pressure 
of oxygen in the atmosphere in the second internal 
space 22 controlled by the second electrochemical 
pumping cell 44 is 0.02 ppm, and the concentration of 
NO as the NOx component in the measurement gas is 
1 00 ppm. The pumping current flows in an amount cor- 
responding to a sum (~ 50.02 ppm) of the oxygen con- 
centration of 50 ppm produced by the reduction or de- 



composition of NO and the oxygen concentration of 0.02 
ppm in the atmosphere in the second internal space 22. 
Therefore, almost all parts of the pumping current value 
obtained in the third electrochemical pumping cell 58 
5 represent the amount obtained by the reduction or de- 
composition of NO. For this reason, the pumping current 
value does not depend on the oxygen concentration in 
the measurement gas. 

In FIG. 3, there were prepared Example 1 concern- 

10 ing a gas sensor constructed in the same manner as the 
gas sensor according to the first embodiment, and Com- 
parative Example concerning a gas sensor constructed 
without providing the second internal space 22, the sec- 
ond electrochemical pumping cell 44, and the second 

*5 electrochemical sensor cell 52. FIG. 3 shows the 
change in the pumping current in the third electrochem- 
ical pumping cell 58, obtained when basic gas compo- 
nents were based on an N 2 -NO-0 2 -H 2 0 system, the 
concentration of NO as the NOx component was fixed 

20 to be 300 ppm, and the oxygen concentration in the 
measurement gas was changed in a range of 0 to 20 % 
while using N 2 as a carriergas. In FIG. 3, a characteristic 
curve obtained in Example 1 is represented by a solid 
line, and a characteristic curve obtained in Comparative 

25 Example is represented by a chain line. 

In Example 1 , the first electrochemical pumping cell 
30 had a pumping voltage of 300 mV (700 °C), and the 
second and third electrochemical pumping cells 44, 58 
had a pumping voltage of 430 mV (700 °C). In Compar- 

30 ative Example, the first electrochemical pumping cell 30 
had a pumping voltage of 300 m V (700 °C), and the third 
electrochemical pumping cell 58 had a pumping voltage 
of 430 mV (700 °C). 

As clarified from the result shown in FIG. 3, the 

35 change in pumping current caused by reduction or de- 
composition of NO was not observed in Example 1 even 
when the oxygen concentration in the measurement gas 
was changed. Therefore, it is possible to obtain an ac- 
curate pumping current value corresponding to the NO 

JO concentration, regardless of the change in oxygen con- 
centration in the measurement gas. 

On the contrary, ' in Comparative Example, the 
pumping current value in the third electrochemical 
pumping cell 58 was gradually increased as the oxygen 

is concentration in the measurement gas was increased. 
Therefore, it is understood that it is difficult to accurately 
determine the NO concentration from the pumping cur- 
rent value. 

The accurate measurement for the NO concentra- 
50 tion successfully performed without being affected by 
the change in oxygen concentration in the measurement 
gas as described above results in the increase in S/N 
for the measurement sensitivity. Thus the measurement 
can be performed even when the measurement gas 
55 component is at a low concentration. 

It is necessary for the gas sensor according to the 
first embodiment that the first and second inner pumping 
electrodes 26, 40 and the first and second measuring 
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electrodes 34, 48 arranged in the first internal space 20 
and the second internal space 22 do not cause reduction 
or decomposition of the measurement gas component 
(NOx) in the respective atmospheres at the ambient 
temperatures and at the controlled partial pressures of s 
oxygen in the respective internal spaces 20, 22. Accord- 
ingly, an electrode metal such as Au and Ni having no 
or low reducing or decomposing ability for the measure- 
ment gas component is used for the first and second 
inner pumping electrodes 26, 40 and the first and sec- io 
ond measuring electrodes 34, 48. It is advantageous to 
use a cermet electrode composed of the metal as de- 
scribed above : and a cermet electrode based on the use 
of an alloy obtained by adding a metal such as Au and 
Ni having no catalytic property to a noble metal such as is 
Pt, Pd, and Rh. 

The third inner pumping electrode 54 arranged in 
the third internal space 24 is desirably composed of a 
cermet electrode of Rh, Pt or the like capable of reducing 
or decomposing Ihe measurement gas component 20 
(NOx) in the atmosphere at the environmental temper- 
ature and at the partial pressure of oxygen in the third 
internal space 24. 

It is a matter of course to use, as the third inner 
pumping electrode 54, those obtained by stacking and 25 
arranging, on an ordinary electrode, an Rh or Pt elec- 
trode or a catalyst comprising a NOx-reducing metal 
carried on a ceramic porous material such as alumina, 
and those obtained by arranging an Rh catalyst elec- 
trode on a Pt electrode. 30 

As described above, the respective electrodes pro- 
vided in the gas sensor according to the first embodi- 
ment, especially the inner pumping electrode and the 
measuring electrode arranged in the internal space are 
desirably composed of a cermet comprising an elec- 35 
trode metal and an appropriate ceramic. When the third 
inner pumping electrode which also serves as a NOx- 
reducing catalyst is used, it is desirably composed of a . 
porous cermet electrode comprising a ceramic and a 
metal such as Rh and Pt capable of reducing NOx. 40 

The NOx-reducing catalyst may be provided adja- 
cent to the third inner pumping electrode 54 of the third 
electrochemical pumping cell 58 for pumping out oxy- 
gen in the third internal space 24. Alternatively, a NOx- 
reducing catalyst layer may be formed on the electrode 45 
by stacking, for example, porous alumina carrying a 
NOx-reducing catalyst composed of Rh or the like on 
the third inner pumping electrode 54 by means of print- 
ing or the like. 

Next, a modified embodiment of the gas sensor ac- so 
cording to the first embodiment will be explained with 
reference to FIG. 4. Components or parts corresponding 
to those shown in FIG. 1 are designated by the same 
reference numerals, duplicate explanation of which will 
be omitted. 55 

The gas sensor according to the modified embodi- 
ment is constructed in approximately the same manner 
as the gas sensor according to the first embodiment. 
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However, the former is different from the latter in that a 
third electrochemical sensor cell 70 is provided, in place 
of the third electrochemical pumping cell 58. 

The third electrochemical sensor cell 70 comprises 
a third measuring electrode 72 formed on a portion of 
the upper surface of the first solid electrolyte layer 10d 
for forming the third internal space 24, a third reference 
electrode 74 formed on a portion of the lower surface of 
the first solid electrolyte layer 10d, the portion being ex- 
posed to the reference gas-introducing space 12 and 
corresponding to the third measuring electrode 72, and 
the first solid electrolyte layer 10d. 

In this modified embodiment, an electromotive 
force, which corresponds to a difference in oxygen con- 
centration between the atmosphere around the third 
measuring electrode 72 and the atmosphere around the 
third reference electrode 74, is generated between the 
third measuring electrode 72 and the third reference 
electrode 74 of the third electrochemical sensor cell 70. 

Therefore, when the electromotive force generated 
between the respective electrodes 72, 74 is measured 
by using a voltmeter V3, the partial pressure of oxygen 
in the atmosphere around the third measuring electrode 
72, in other words, the partial pressure of oxygen de- 
fined by oxygen produced by reduction or decomposi- 
tion of the measurement gas component (NOx) is de- 
tected as a voltage value. 

It is assumed that the NO concentration of NOx as 
the measurement gas component is 0 ppm. When the 
oxygen concentration in the atmosphere in the first in- 
ternal space 20 is controlled to be a value (10 -7 atm) 
corresponding to a pumping voltage of 300 mV in the 
first electrochemical pumping cell 30, if oxygen in the 
atmosphere in the third internal space 24 is not subject- 
ed to pumping, then the oxygen concentration in the at- 
mosphere in the third internal space 24 is also 10" 7 atm, 
and the electromotive force between the third measur- 
ing electrode 72 and the third reference electrode 74 is 
300 mV. 

For example, it is assumed that NO is present at 10 
ppm in the measurement gas. The third measuring elec- 
trode 72 also functions as a NOx-reducing catalyst in 
the same manner as the third inner pumping electrode 
54 of the third electrochemical pumping cell 58 de- 
scribed above (see FIG. 1). Accordingly, the NO-reduc- 
ing or decomposing reaction is caused on the third 
measuring electrode 72, and the oxygen concentration 
in the atmosphere around the third measuring eleclrode 
72 is increased. Thus the electromotive force, which is 
generated between the third measuring electrode 72 
and the third reference electrode 74, is decreased. The 
degree of the decrease in electromotive force repre- 
sents the NO concentration. 

Namely, the electromotive force, which is outputted 
from the third electrochemical sensor cell 70 construct- 
ed by the third measuring electrode 72, the third refer- 
ence eleclrode 74, and the first solid electrolyte layer 
10d, represents the NO concentration in the measure- 



EP 0 831 322 A2 



13 



3NSDOCID: <EP 0831322A2_.L> 



25 



EP 0 831 322 A2 



26 



ment gas. 

In FIG. 5, there were prepared Example 2 concern- 
ing a gas sensor constructed in the same manner as the 
gas sensor according to the modified embodiment, and 
Comparative Example concerning a gas sensor con- 5 
structed without providing the second internal space 22, 
the second electrochemical pumping cell 44, and the 
second electrochemical sensor cell 52. FIG. 5 shows the 
change in the electromotive force generated from the 
third electrochemical sensor cell 70, obtained when ba- io 
sic gas components were based on an N 2 -0 2 -H 2 0 sys- 
tem, and the oxygen concentration in the measurement 
gas was changed in a range of 0 to 20 %. The NO com- 
ponent was not contained in the measurement gas in 
order to accurately measure the way of change in elec- is 
tromotive force when only the oxygen concentration in 
the measurement gas was changed. 

In FIG. 5, a characteristic curve obtained in Exam- 
ple 2 is represented by a solid line, and a characteristic 
curve obtained in Comparative Example is represented 20 
by a chain line. In Example 2, the first electrochemical 
pumping cell 30 had a pumping voltage of 300 mV, and 
the second electrochemical pumping cell 44 had a 
pumping voltage of 430 mV. In Comparative Example, 
the first electrochemical pumping cell 30 had a pumping 25 
voltage of 430 mV. 

As clarified from the result shown in FIG. 5, the elec- 
tromotive force was decreased in Comparative Example 
as the oxygen concentration in the measurement gas 
was increased. For example, when the oxygen concen- 30 
t ration was 0 %, the electromotive force was 430 mV. 
When the oxygen concentration was 20 % : the electro- 
motive force was 280 mV, exhibiting a large change of 
150 mV. Accordingly, it is understood that it is difficult in 
Comparative Example to accurately determine the NO 35 
concentration from the electromotive force of the third 
electrochemical sensor cell 70. 

On the contrary, in Example 2, even when the oxy- 
gen concentration in the measurement gas was 
changed in a range of 0 to 20 %, the electromotive force *o 
generated from the third electrochemical sensor cell 70 
was scarcely changed, owing to the pumping action ef- 
fected by the second electrochemical pumping cell 44. 
Accordingly, when the NO component is contained in 
the measurement gas, the electromotive force corre- ^5 
sponding to the amount of NO is generated between the 
third measuring electrode 72 and the third reference 
electrode 74 for constructing the third electrochemical 
sensor cell 70. An accurate amount of NO can be de- 
termined by detecting the generated electromotive so 
force. 

Next, a gas sensor according to a second embodi- 
ment will be explained with reference to FIGs. 6 and 7. 
Components or parts corresponding to those shown in 
FIG. 1 are designated by the same reference numerals, ss 
duplicate explanation of which will be omitted. 

As shown in FIG. 6, the gas sensor according to the 
second embodiment is constructed in approximately the 



same manner as the modified embodiment of the gas 
sensor according to the first embodiment. However, the 
former is different from the latter in that the second in- 
ternal space 22 and the third internal space 24 are inte- 
grated into one combined internal space 80 composed 
of a flat space having an approximately rectangular pla- 
nar configuration. Namely, the combined internal space 
80 is comparted and formed by the lower surface of the 
second solid electrolyte layer 1 0f, the side surface of the 
second diffusion rate-determining section 16, side sur- 
faces of the second spacer layer 1 0e, and the upper sur- 
face of the first solid electrolyte layer 10d. 

A second inner pumping electrode 40 having an ap- 
proximately rectangular planar configuration and com- 
posed of a porous cermet electrode is formed on an en- 
tire surface portion of the lower surface of the second 
solid electrolyte layer 1 0f for forming the combined in- 
ternal space 80. A second measuring electrode 48 hav- 
ing an approximately rectangular planar configuration 
and composed of a porous cermet electrode is formed 
on a portion of the upper surface of the first solid elec- 
trolyte layer 1 0d lor lorming the combined internal space 
80, the portion being separated from the second diffu- 
sion rate-determining section 16. 

A third measuring electrode 72 having an approxi- 
mately rectangular planar configuration and composed 
of a porous cermet electrode is formed on a portion of 
the upper surface of the first solid electrolyte layer 10d 
for forming the combined internal space 80, the second 
measuring electrode 48 being not formed on the portion. 
An alumina film for constructing a third diffusion rate- 
determining section 1 8 is formed so that the third meas- 
uring electrode 72 is covered therewith. 

In the gas sensor according to the second embod- 
iment, an outer pumping electrode 82, which commonly 
serves as the first outer pumping electrode 28 and the 
second outer pumping electrode 42 (see FIG. 1), is 
formed on a continuous portion of the upper surface of 
the second solid electrolyte layer 10f, the portion rang- 
ing from the first internal space 20 to the combined in- 
ternal space 80. A common reference electrode 84, 
which commonly serves as the first reference electrode 
36, the second reference electrode 50, and the third ref- 
erence electrode 74 (see FIG. 4), is formed on a contin- 
uous portion of the lower surface of the first solid elec- 
trolyte layer lOd, the portion being exposed to the ref- 
erence gas-introducing space 12 and ranging from the 
first internal space 20 to the combined internal space 80. 

Namely, in the gas sensor according to the second 
embodiment, a first electrochemical pumping cell 30 is 
constructed by the outer pumping electrode 82 formed 
on the upper surface of the second solid electrolyte layer 
1 0f, the first inner pumping electrode 26 formed in the 
first internal space 20, and the second solid electrolyte 
layer 1 0f. A first electrochemical sensor cell 38 is con- 
structed by the common reference electrode 84 formed 
on the lower surface of the first solid electrolyte layer 
10d, the first measuring electrode 34 formed in the first 
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internal space 20, and the first solid electrolyte layer 
10d. A second electrochemical pumping cell 44 is con- 
structed by the outer pumping electrode 82 formed on 
the upper surface ol the second solid electrolyte layer 
1 0f, the second inner pumping electrode 40 formed in 
the combined internal space 80, and the second solid 
electrolyte layer 1 0f. A second electrochemical sensor 
cell 52 is constructed by the common reference elec- 
trode 84 formed on the lower surface of the first solid 
electrolyte layer 10d, the second measuring electrode 
48 formed in the combined internal space 80, and the 
first solid electrolyte layer 10d. A third electrochemical 
sensor cell 70 is constructed by the common reference 
electrode 84 formed on the lower surface of the first solid 
electrolyte layer 10d, the third measuring electrode 72 
formed in the combined internal space 80, and the first 
solid electrolyte layer lOd. 

Especially, as shown in FIG. 7, the gas sensor ac- 
cording to the second embodiment is constructed as fol- 
lows. Namely, the second measuring electrode 48 and 
the third measuring electrode 72 are arranged in parallel 
to one another in the combined internal space 80. The 
second measuring electrode 48 and the third measuring 
electrode 72 are arranged at positions adjacent to each 
other. 

Next, the operation of the gas sensor according to 
the second embodiment will be explained. At first, the 
measurement gas existing in the external space is in- 
troduced into the first internal space 20 under a prede- 
termined diffusion resistance via the first diffusion rate- 
determining section 14. The measurement gas intro- 
duced into the first internal space 20 is adjusted to have 
a predetermined oxygen concentration by the aid of the 
pumping action effected by the first electrochemical 
pumping cell 30. 

The gas, which has been adjusted to have the pre- 
determined oxygen concentration by the aid of the first 
electrochemical pumping cell 30, is introduced into the 
combined internal space 80 under a predetermined dif- 
fusion resistance via the second diffusion rate-determin- 
ing section 16. The gas introduced into the combined 
internal space 80 is finely adjusted to have a predeter- 
mined oxygen concentration by the aid of the pumping 
action effected by the second electrochemical pumping 
cell 44. 

The gas, which has been finely adjusted to have the 
predetermined oxygen concentration by the aid of the 
second electrochemical pumping cell 44, is introduced 
into the third electrochemical pumping cell 58 under a 
predetermined diffusion resistance via the third diffusion 
rate-determining section 18 in the same combined in- 
ternal space 80. 

In this embodiment, an electromotive force, which 
corresponds to a difference in oxygen concentration be- 
tween the atmosphere around the third measuring elec- 
trode 72 and the atmosphere around the common ref- 
erence electrode 84, is generated between the third 
measuring electrode 72 and the common reference 
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electrode 84 of the third electrochemical sensor cell 70. 

Therefore, the partial pressure of oxygen in the at- 
mosphere around the third measuring electrode 72, in 
other words, the partial pressure of oxygen defined by 
5 oxygen generated by the reduction or decomposition of 
the measurement gas component (NOx) is detected as 
a voltage value by measuring the electromotive force 
generated between the respective electrodes 72, 84 by 
using a voltmeter V3. 
10 This embodiment also makes it possible to avoid 
interference exerted by the change in oxygen concen- 
tration in exhaust gas on the detecting sensitivity for the 
amount of the objective gas component existing in the 
measurement gas, and improve the measurement ac- 
is curacy for the measurement gas component, in the 
same manner as described in the modified embodiment 
of the gas sensor according to the first embodiment. 

Especially, as shown in FIG. 7, the gas sensor ac- 
cording to the second embodiment is constructed as fol- 
lows. Namely, the second measuring electrode 48 and 
the third measuring electrode 72, which are formed in 
the combined internal space 80, are arranged in parallel 
to one another, and the second measuring electrode 48 
and the third measuring electrode 72 are disposed ad- 
jacent to one another. Accordingly, the oxygen concen- 
tration in the vicinity of the second measuring electrode 
48 can be more accurately controlled. Even when the 
third electrochemical sensor cell 70 is provided in the 
combined internal space 80, it is possible to accurately 
measure the amount of the objective component exist- 
ing in the measurement gas. 

It is unnecessary for the gas sensor according to 
the second embodiment to provide a new internal space 
(the third internal space 24 concerning the first embod- 
iment, see FIG. 1 ) for disposing the third electrochemi- 
cal sensor cell 70. Therefore, it is possible to facilitate 
miniaturization of the entire structure of the gas sensor 
In the gas sensor according to the second embod- 
iment, the first outer pumping electrode 28 and the sec- 
ond outer pumping electrode 42 of the gas sensor ac- 
cording to the first embodiment are replaced with one 
common member of the outer pumping electrode 82. 
Further, the first reference electrode 36, the second ref- 
erence electrode 50, and the third reference electrode 
74 of the gas sensor according to the first embodiment 
are replaced with one common member of the common 
reference electrode 84. Therefore, it is possible to de- 
crease the number of terminals led to the outside, as 
compared with the gas sensor according to the first em- 
bodiment. Thus it is possible to simplify the wiring steps 
and simplify the circuit layout for the peripheral circuits. 

In the gas sensor according to the second embod- 
iment, the third diffusion rate-determining section 1 8 can 
be omitted by appropriately adjusting the relational ar- 
rangement of the second inner pumping electrode 40 
and the third measuring electrode 72 in the combined 
internal space 80. In such an arrangement, it is unnec- 
essary to form the third diffusion rate-determining sec- 
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tion 18 so that the third measuring electrode 72 is sur- 
rounded. Accordingly, it is possible to simplify the pro- 
duction steps. 

Next, a gas sensor according to a third embodiment 
will be explained with reference to FIGs. 8 and 9. 5 
Components or parts corresponding to those shown in 
FIGs. 6 and 7 are designated by the same reference 
numerals, duplicate explanation of which will be omitted. 

As shown in FIGs. 8 and 9, the gas sensor accord- 
ing to the third embodiment is constructed in approxi- 10 
mately the same manner as the gas sensor according 
to the second embodiment. However, the former is dif- 
ferent from the latter in that a third electrochemical 
pumping cell 58 is provided in place of the third electro- 
chemical sensor cell 70. 15 

Specifically, a second measuring electrode 48 of the 
second electrochemical sensor cell 52 is formed on a 
portion of the lower surface of the second solid electro- 
lyte layer 10f for forming the combined internal space 
80, the portion being separated from the second diffu- 20 
sion rate-determining section 16. A third inner pumping 
electrode 54 of the third electrochemical pumping cell 
58 is formed at a position on the upper surface of the 
first solid electrolyte layer 10dfor forming the combined 
internal spaco 80, the position being opposed to the sec- 2s 
ond measuring electrode 48. 

The operation of the gas sensor according to the 
third embodiment will be briefly explained. The third 
electrochemical pumping cell 58 is operated so that the 
component having bound oxygen in the introduced 30 
measurement gas is reduced or decomposed, and ox- 
ygen produced by the reduction or decomposition is 
pumped out. 

A pumping current, which is allowed to flow in ac- 
cordance with the pumping operation (pumping out of 35 
oxygen) effected by the third electrochemical pumping 
cell 58, is detected by an ammeter Ip to obtain a current 
value. The amount of the specified component in the 
measurement gas is determined on the basis of the cur- 
rent value. 40 

When the oxygen concentration in the measure- 
ment gas is greatly changed (in a range of 0 to 20 %) 
during the period in which the foregoing operation is per- 
formed, then the distribution ot oxygen concentration in 
the measurement gas introduced into the first internal 45 
space 20 is greatly changed, and the amount of oxygen 
introduced into the combined internal space 80 is also 
changed. 

The concentration of oxygen introduced into the 
combined internal space 80 is finely adjusted by the sec- so 
ond electrochemical pumping cell 44. However, owing 
to the pumping operation effected by the first electro- 
chemical pumping cell 30 in the first internal space 20, 
the change in concentration of oxygen introduced into 
the combined internal space 80 is greatly reduced as 55 
compared with the change in concentration of oxygen 
in the measurement gas (the measurement gas intro- 
duced into the first internal space 20). Accordingly, it is 
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possible to accurately control the oxygen concentration 
in the combined internal space 80 to be constant. 

In this embodiment, the pumping operation effected 
by the second electrochemical pumping cell 44 is sub- 
jected to feedback control on the basis of the second 
electrochemical sensor cell 52 in the combined internal 
space 80. Therefore, it is possible to more accurately 
control the oxygen concentration in the combined inter- 
nal space 80. 

As described above, the oxygen concentration is 
accurately controlled to be constant in the combined in- 
ternal space 80. Therefore, the concentration of oxygen 
introduced into the third electrochemical pumping cell 
58 is scarcely affected by the change in oxygen concen- 
tration in the measurement gas (the measurement gas 
introduced into the first internal space 20). As a result, 
the pumping current value, which is detected by the am- 
meter Ip in accordance with the pumping out for oxygen 
effected by the third electrochemical pumping cell 58, is 
not affected by the change in oxygen concentration in 
the measurement gas. The pumping current value is a 
value which accurately corresponds tothe amount of the 
objective component existing in the measurement gas. 

Namely, the gas sensor according to the third em- 
bodiment makes it possible to avoid interference exert- 
ed by the change in oxygen concentration in exhaust 
gas on the detecting sensitivity for the amount of the 
objective component existing in the measurement gas, 
and improve the measurement accuracy for the meas- 
urement gas component. 

It is unnecessary to provide a new internal space 
(the third internal space 24 in the first embodiment) for 
providing the third electrochemical pumping cell 58. 
Therefore, it is possible to facilitate miniaturization of the 
entire structure of the gas sensor. Further, the first outer 
pumping electrode 28 and the second outer pumping 
electrode 42 of the gas sensor according to the first em- 
bodiment are replaced with one common member of the 
outer pumping electrode 82. Moreover, the first refer- 
ence electrode 36, the second reference electrode 50, 
and the third outer pumping electrode 56 of the gas sen- 
sor according to the first embodiment are replaced with 
one common member of the common reference elec- 
trode 84. Therefore, it is possible to decrease the 
number of terminals led to the outside, as compared with 
the gas sensor according to the first embodiment. Thus 
it is possible to simplify the wiring steps and simplify the 
circuit layout for the peripheral circuits. 

Especially, in the gas sensor according to the third 
embodiment, the second measuring electrode 48 and 
the third inner pumping electrode 54 are arranged op- 
posingly to one another in the combined internal space 
80. Thus the relational arrangement is given in which 
the second measuring electrode 48 is scarcely affected 
by the third inner pumping electrode 54 when the con- 
centration of the measurement gas component is meas- 
ured on the basis of the pumping current. Accordingly, 
even when the third electrochemical pumping cell 58 is 
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provided in the combined internal space 80, the amount 
of the objective component existing in the measurement 
gas can be accurately measured. 

Next, a gas sensor according to a fourth embodi- 
ment will be explained with reference to FIGs. 10 and 
1 1 . Components or parts corresponding to those shown 
in FIGs. 6 and 7 are designated by the same reference 
numerals, duplicate explanation of which will be omitted. 

The gas sensor according to the fourth embodiment 
is constructed in approximately the same manner as the 
gas sensor according to the third embodiment. Howev- 
er, the former is different from the latter in that the first 
inner pumping electrode 26 of the first electrochemical 
pumping cell 30 also serves as the first measuring elec- 
trode 34 (see FIG. 8) of the first electrochemical sensor 
cell 38, and that the second inner pumping electrode 40 
of the second electrochemical pumping cell 44 also 
serves as the second measuring electrode 48 (see FIG. 
8) of the second electrochemical sensor cell 52. 

Specifically, the gas sensor according to the fourth 
embodiment is constructed as follows. Namely, a varia- 
ble power source 32 is connected between an outer 
pumping electrode 82 formed on the upper surface of 
the second solid electrolyte layer 1 0f and a first inner 
pumping electrode 26 formed on an entire surface por- 
tion of the lower surface of the second solid electrolyte 
layer 1 0f for forming the first internal space 20. A volt- 
meter V1 is connected between the first inner pumping 
electrode 26 and a common reference electrode 84 
formed on the lower surface of the first solid electrolyte 
layer 10d. A variable power source 46 is connected be- 
tween the outer pumping electrode 82 and a second in- 
ner pumping electrode 40 formed on an entire surface 
portion of the lower surface of the second solid electro- 
lyte layer 10f for forming the combined internal space 
80. A voltmeter V2 is connected between the second 
inner pumping electrode 40 and the common reference 
electrode 84. 

The operation of the gas sensor according to the 
fourth embodiment will be explained. At first, the meas- 
urement gas is introduced into the first internal space 
20. In this state, the voltmeter V1 measures a terminal 
voltage between the first inner pumping electrode 26 of 
the first electrochemical pumping cell 30 and the com- 
mon reference electrode 84 formed on the side of the 
reference gas-introducing space 1 2. The variable power 
source 32 is subjected to feedback control on the basis 
of the measured vollage. Accordingly, the pumping op- 
eration effected by the first electrochemical pumping cell 
30 is controlled so that the partial pressure of oxygen in 
the atmosphere in the first internal space 20 has a pre- 
determined value which is sufficiently low to control the 
partial pressure of oxygen in the next combined internal 
space 80. 

In this embodiment the measured voltage detected 
by the voltmeter V1 provided for the first electrochemical 
sensor cell 38 is the terminal voltage between the first 
inner pumping electrode 26 of the first electrochemical 
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pumping cell 30 and the common reference electrode 
84 disposed in the reference gas-introducing space 1 2. 
Accordingly, when the amount of oxygen pumped out 
by the first electrochemical pumping cell 30 is changed. 
5 and the oxygen concentration in the atmosphere in the 
first internal space 20 is changed, then the terminal volt- 
age between the first inner pumping electrode 26 of the 
first electrochemical pumping cell 30 and the common 
reference electrode 84 is changed without any time de- 
10 lay. Therefore, no oscillation phenomenon occurs in the 
feedback control system for the variable power source 
32, and it is possible to highly accurately control the ox- 
ygen concentration in the first internal space 20. 

Such an advantage is also obtained in the feedback 
is control for the variable power source 46 provided for the 
second electrochemical pumping cell 44. The voltmeter 
V2 measures the terminal voltage between the second 
inner pumping electrode 40 of the second electrochem- 
ical pumping cell 44 and the common reference elec- 
trode 84 formed on the side of the reference gas-intro- 
ducing space 12. The variable power source 46 is sub- 
jected to feedback control on the basis of the measured 
voltage. Accordingly, the pumping operation effected by 
the second electrochemical pumping cell 44 is control- 
led so that the partial pressure of oxygen in the atmos- 
phere in the combined internal space 80 has a low value 
of the partial pressure of oxygen at which the measure- 
ment for the amount of the objective component is not 
substantially affected, under the condition in which the 
measurement gas component (NOx) is not substantially 
reduced or decomposed. 

In this embodiment, the measured voltage detected 
by the voltmeter V2 for the second electrochemical sen- 
sor cell 52 is the terminal voltage between the second 
inner pumping electrode 40 of the second electrochem- 
ical pumping cell 44 and the common reference elec- 
trode 84 disposed in the reference gas-introducing 
space. Accordingly, when the amount of oxygen 
pumped out by the second electrochemical pumping cell 
44 is changed, and the oxygen concentration in the at- 
mosphere in the combined internal space 80 is 
changed, then the terminal voltage between the second 
inner pumping electrode 40 of the second electrochem- 
ical pumping cell 44 and the common reference elec- 
trode 84 is changed without any time delay. Therefore, 
no oscillation phenomenon occurs in the feedback con- 
trol system for the variable power source 46, and it is 
possible to highly accurately control the oxygen concen- 
tration in the combined internal space 80. 

In the gas sensor according to the fourth embodi- 
ment, it is possible to avoid interference exerted by the 
change in concentration of oxygen in exhaust gas on 
the detecting sensitivity for the amount of the objective 
component existing in the measurement gas, and im- 
prove the measurement accuracy for the measurement 
gas component, in the same manner as the gas sensor 
according to the th ird embodiment. Further, it is possible 
to facilitate miniaturization of the entire structure of the 
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gas sensor, and it is possible to simplify the wiring steps 
and simplify the circuit layout for the peripheral circuits. 

Especially, in the gas sensor according to the fourth 
embodiment, it is unnecessary to provide a wide area 
for forming the electrode in the first internal space 20 s 
and the combined internal space 80. Therefore, the 
structure of the gas sensor itself can be miniaturized. 
When the gas sensor is designed to have an identical 
size, it is possible to provide a large volume for the first 
internal space 20. Accordingly, the pumping function ef- to 
fected by the first electrochemical pumping cell 30 can 
be enhanced, and it is possible to finely adjust the oxy- 
gen concentration in the combined internal space 80 
with a higher degree of accuracy. 

The first inner pumping electrode 26 and the first 15 
measuring electrode 34 (see FIG. 8) are provided as the 
common electrode, and the second inner pumping elec- 
trode 40 and the second measuring electrode 48 (see 
FIG. 8) are provided as the common electrode. Accord- 
ingly, for example, when the amounl of oxygen pumped 20 
out by the first electrochemical pumping cell 30 provided 
for the first internal space 20 is changed, and the oxygen 
concentration in the first internal space 20 is changed, 
then the measured voltage obtained by the first electro- 
chemical sensor cell 38 is also changed without any time 25 
delay. Therefore, it is possible to appropriately perform, 
without any oscillation, the feedback control for the first 
electrochemical pumping cell 30, effected by the first 
electrochemical sensor cell 38. Such an advantage is 
also obtained in the feedback control effected by the 30 
second electrochemical sensor cell 52 for the second 
electrochemical pumping cell 44 in the combined inter- 
nal space 80. 

The objective measurement gas component is NOx 
in the case of the gas sensors according to the first to 35 
fourth embodiments described above. However, the 
present invention can be also effectively applied to the 
measurement for bound oxygen-containing gas compo- 
nents other than NOx, such as H20 and C02. which 
may be affected by oxygen existing in the measurement 40 
gas. 

It is a matter of course that this invention is not lim- 
ited to the embodiments described above, which can be 
constructed in other various forms without deviating 
from the gist or essential characteristics of this inven- 45 
tion. 

Claims 

so 

1 . A gas sensor for determining an amount of a spec- 
ified component in a measurement gas by reducing 
or decomposing said component having bound ox- 
ygen in said measurement gas and measuring an 
amount of oxygen produced during said reduction 55 
or decomposition, said gas sensor comprising: 

substrates (10a to 1 0f) composed of solid elec- 
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trolytes; 

a first diffusion rate-determining seclion (14) for 
introducing said measurement gas under a pre- 
determined diffusion resistance: 
a first internal space (20) for making communi- 
cation with an atmosphere of said measure- 
ment gas via said first diffusion rate-determin- 
ing section (14); 

a first electrochemical pumping cell (30) com- 
prising said solid electrolyte (1 Of ) for construct- 
ing said first internal space (20) and a pair of 
first pumping electrodes (26 : 28) provided in 
contact therewith; 

a first electrochemical sensor cell (38) compris- 
ing said solid electrolyte (10d) for constructing 
said first internal space (20) and a pair of first 
measuring electrodes (34, 36) provided in con- 
tact therewith; 

a second diffusion rate-determining section 
(16) for introducing, under a predetermined dif- 
fusion resistance, said gas adjusted to have a 
predetermined value of oxygen concentration 
in said first internal space (20); 
a second internal space (22 or 80) for making 
communication with said atmosphere of said 
measurement gas via said second diffusion 
rate-determining section (16): 
a second electrochemical pumping cell (44) 
comprising said solid electrolyte (10f) for con- 
structing said second internal space (22 or 80) 
and a pair of second pumping electrodes (40, 
42) provided in contact therewith; 
a second electrochemical sensor cell (52) com- 
prising said solid electrolyte (10d) for construct- 
ing said second internal space (22 or 80) and 
a pair of second measuring electrodes (48, 50) 
provided in contact therewith; 
a third diffusion rate-determining section (18) 
for introducing, under a predetermined diffu- 
sion resistance, said gas adjusted to have a 
predetermined value of oxygen concentration 
in said second internal space (22 or 80); 
a third electrochemical pumping cell (58) for 
pumping out oxygen produced by reduction or 
decomposition of said component having 
bound oxygen in said measurement gas intro- 
duced via said third diffusion rate-determining 
section (18); and 

a current-detecting means (Ip) for detecting a 
pumping current which is allowed to flow in ac- 
cordance with operation of said third electro- 
chemical pumping cell (58). . 

2. The gas sensor according to claim 1 , comprising: 

said second electrochemical pumping cell (44) 
comprising said solid electrolyte (10f) for con- 
structing said second internal space' (80) and 
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said pair of second pumping electrodes (40. 82) 
provided in contact therewith; and 
said second electrochemical sensor cell (52) 
comprising said solid electrolytes (10d, 10e. 
1 0f) for constructing said second internal space 
(80) and said pair of second measuring elec- 
trodes (48, 84) provided in contact therewith, 
wherein: 

said third electrochemical pumping cell (58) 
comprises said solid electrolyte (10d) for con- 
structing said second internal space (80) and a 
pair of third pumping electrodes (54, 84) pro- 
vided in contact therewith. 

The gas sensor according to claim 2, wherein said 
second measuring electrode (48) and said third 
pumping electrode (54) provided for said second in- 
ternal space (80), ot said pair of second measuring 
electrodes (48, 84) and said pair ot third pumping 
electrodes (54, 84), are arranged opposingly lo one 
another. 

A gas sensor for determining an amount of a spec- 
ified component in a measurement gas by reducing 
or decomposing said component having bound ox- 
ygen in said measurement gas and measuring an 
amount of oxygen produced during said reduction 
or decomposition, said gas sensor comprising: 

substrates (1 Oa to 1 0f) composed of solid elec- 
trolytes; 

a first diffusion rate-determining section (14) for 
introducing said measurement gas under a pre- 
determined diffusion resistance; 
a first internal space (20) for making communi- 
cation with an atmosphere of said measure- 
ment gas via said first diffusion rate-determin- 
ing section (14); 

a first electrochemical pumping cell (30) com- 
prising said solid electrolyte (1 Of) for construct- 
ing said first internal space (20) and a pair of 
first pumping electrodes (26, 28) provided in 
contact therewith; 

a first electrochemical sensor cell (38) compris- 
ing said solid electrolyte (lOd) for constructing 
said first internal space (20) and a pair of first 
measuring electrodes (34, 36) provided in con- 
tact therewith; 

a second diffusion rate-determining section 
(16) for introducing, under a predetermined dif- 
fusion resistance, said gas adjusted to have a 
predetermined value of oxygen concentration 
in said first internal space (20); 
a second internal space (22 or 80) for making 
communication with said atmosphere of said 
measurement gas via said second diffusion 
rate-determining section (16); 
a second electrochemical pumping cell (44) 



comprising said solid electrolyte ( 1 0f) for con- 
structing said second internal space (22 or 80) 
and a pair of second pumping electrodes (40, 
42) provided in contact therewith: 

5 a second electrochemical sensor cell (52) com- 

prising said solid electrolyte (10d) for construct- 
ing said second internal space (22 or 80) and 
a pair of second measuring electrodes (48, 50) 
provided in contact therewith; 

10 a third diffusion rate-determining section (18) 

for introducing, under a predetermined diffu- 
sion resistance, said gas adjusted to have a 
predetermined value of oxygen concentration 
in said second internal space (22 or 80); 

15 a third electrochemical sensor cell (70) for out- 

putting an electromotive force corresponding to 
a partial pressure of oxygen defined by oxygen 
produced by reduction or decomposition of said 
component having bound oxygen in said meas- 

20 urement gas introduced via said third diffusion 

rate-determining section (18) : and 
a voltage-detecting means (V3) for detecting 
said electromotive force outputted from said 
third electrochemical sensor cell (70). 

25 

5. The gas sensor according to claim 1 or 8, further 
comprising: 

a third internal space (24) which communicates 
30 with said atmosphere of said measurement gas 

via said third diffusion rate-determining section 
(18), wherein: 

said third electrochemical sensor cell (70) com- 
prises said solid electrolyte (10d) for construct- 
35 ing said third internal space (24) and a pair of 

third pumping electrodes (72, 74) provided in 
contact therewith. 

6. The gas sensor according to claim 4, comprising: 

40 

said second electrochemical pumping cell (44) 
comprising said solid electrolyte (1 Of) for con- 
structing said second internal space (80) and 
said pair of second pumping electrodes (40, 82) 

45 provided in contact therewith; and 

said second electrochemical sensor cell (52) 
comprising said solid electrolyte (10d) for con- 
structing said second internal space (80) and 
said pair of second measuring electrodes (48, 

50 84) provided in contact therewith, wherein: 

said third electrochemical sensor cell (70) com- 
prises said solid electrolyte (10d) for construct- 
ing said second internal sj^ace (80) and a pair 
of third measuring electrodes (72, 84) provided 

55 jn contact therewith. 

7. The gas sensor according to claim 6, wherein said 
third measuring electrode (72) provided for said 
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second internal space (80), of said pair of third 
measuring electrodes (72. 84) is formed in said sec- 
ond internal space (80). 

8. The gas sensor according to claim 6, wherein said 5 
second measuring electrode (48) and said third 
measuring electrode (72) provided for said second 
internal space (80), of said pair of second measur- 
ing electrodes (48, 84) and said pair of third meas- 
uring electrodes (72, 84), are arranged in parallel to 10 
one another. 

9. The gas sensor according to claim 2 or 6, wherein 
said second pumping electrode (40) and said sec- 
ond measuring electrode (48) provided for said sec- is 
ond internal space (80) : of said pair of second 
pumping electrodes (40, 82) and said pair of second 
measuring electrodes (48, 84), are combined into a 
common electrode. 

20 

10. The gas sensor according to any one of claims 1 to 
9, wherein a material having lowered reducing abil- 
ity or having no reducing ability for NO in said meas- 
urement gas is used as a material for said first 
pumping electrode (26) and said first measuring 25 
electrode (34) disposed in said first internal space 
(20) and for said second pumping electrode (40) 
and said second measuring electrode (48) dis- 
posed in said second internal space (22 or 80). 

30 

11. The gas sensor according to claim 10, wherein a 
cermet of Au and Zr0 2 , or a cermet of Au, an alloy 
of Pt group element, and Zr0 2 is used as said ma- 
terial having lowered reducing ability or having no 
reducing ability for NO in said measurement gas. 35 
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(54) 



Gas sensor 



(57) Disclosed is a gas sensor comprising a first in- 
ternal space (20) for making communication with the ex- 
ternal space via a first diffusion rate-determining section 
(14), a first electrochemical pumping cell (30) for con- 
trolling the oxygen concentration in the atmosphere in 
the first internal space (20) to have a predetermined val- 
ue, a second internal space (22) for making communi- 
cation with the first internal space (20) via a second dif- 
fusion rate-determining section (16), a second electro- 
chemical pumping cell (44) for finely adjusting the oxy- 
gen concentration in the atmosphere in the second in- 
ternal space (22) to have a predetermined value, a third 
internal space (24) for making communication with the 



second internal space (22) via a third diffusion rate-de- 
termining section, a third electrochemical pumping cell 
(58) for pumping out oxygen produced by reduction or 
decomposition of a component having bound oxygen in 
the measurement gas in the third internal space (24), 
and an ammeter Ip for detecting a pumping current 
which is allowed to flow in accordance with the pumping 
operation effected by the third electrochemical pumping 
cell (58). Accordingly, it is possible to avoid interference 
exerted on the sensitivity for NO by the change in oxy- 
gen concentration in exhaust gas, and improve the 
measurement accuracy for the measurement gas com- 
ponent. 
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